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PREL.IMINARY INVESTIGATION OF EFFECTIVENESS OF BASE
BLEED IN REDUCING DRAG OF BLUNT-BASE
BODIES IN SUPERSONIC STREAM

By Edger M. Cortright, Jr. and Albert H. Schroeder

SUMMARY

The drag=-reducing effectiveness of bleeding air to the base
region of blunt-bese bodies in s supersonic stream wes investigated
at a Mach number of 1.91. The first phase of the study consisted
of base-pressure measurements on bodies of revolution with both a
eylindrical afterbody and with conical boattails. In this phase,
varlable base bleed was provided from an external alr supply.
Base bleed was shown to be an effective means of reducing the
base pressure drag. Increases in base-pressure coefficient of
0.04 were obtained with the cylindricel-afterbody configuretion.
The variation of base pressure with quantity of baese bleed was
such that bleed-agir sources at ambient pressure or less could be
utilized effectively.

The second phase of the investigation employed force measure-
ments to determine whether drag reductions could be obtained under
practical conditions of bleed sir inteke. Simple drilled holes
in the eylindrical portion of a hollow cone-cylinder body of
revolution with open base resulted in totel drag coefficlent
reductions of 0.03. Bleed alr intake through the nose resulted
in only slight net-drag reductions.

INTRODUCTION

When bodies with blunt bases are submerged 1n a supersonic
stream, the external air flow separates from the bodles at the bases.
This separation results in a semidead air region at the base that
is generally at a lower pressure than the ambient fluid. The
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resulting pressure drag of the surface ared wetted by this
semidead air is commonly referred to as "base drag.”

With respect to total drag, base drag may assume varying
degrees of lmportaence depending on the particular body conflguratlons
under consideration. For bodies of revolution with cylindrical
afterbodies and for extreme cases of the so-called blunt-trailing-
edge airfoll, the base drag mey be as much as 80 percent of the
total-pressure drag at a Mach number of 1.9. Many other examples
exist in which base drag 1s sufficiently large to be worthy of
serious attention.

The results of a preliminary study of a technique designed
Yo reduce the bhase drag of bilunt-base bodies in a supersonlic stream
sre presented herein. This technique conslists in bleeding relatively
small amounts of alr into the semldead air region at the base and
is hereinafter referred to as "base bleed." The experiments, which
were conducted at the NACA lLewle laboratory in the summer and fall
of 1950, consisted primerily of two phases. In the first phase,
the variation of base pressure with base bleed wes determined for
a body of revolution mounting wvarious bostteil configurations and
supplied with bleed air from a source independent of the model. In
the second phase, drag measuremenis were made on a cone-cylinder
body utilizing various means of bleed-alr intake and ejectlion to
determine whether drag reductlons could be obtained under practical
conditions of bleed-air intake. No attempt was made to study bleed
systems in detail.

APPARATUS AND PROCEDURE

The investigation was conducted in the 18- by 18-inch (Mach
mumber 1.91) supersonic wind tunnel at the Lewis laboratory. Test-
section total temperature and pressure were approximstely 150° F and
atmospheric, respectively. The Reynolds number in the test section
wes spproximately 3.2 X 108 per foot. - : :

Pressure models. - The apparatus ubilized to determine the
varietion of base pressure with amount of base bleed was primerily
designed for a study of the pressure distributions over a series
of conicel bosttails in thé presence of a jet operating at pressure
ratios up to 15. A sketch of the support and the models is shown in
figure 1 and s photogreph of the model gssembly in the tunnel is shown
in figure 2. (The boattail in the photograph is not one of those
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included in the present report.) The model configurations were
bodies of revolution made up of s single nose section with inter-
changesble half-bases to provide boatitail varistion. The nose

and the half-bases were assembled with a support strut and splitter
Pplate, resulting 1n an asymmetrical geometry at the rear of the body.
Interference phenomena, however, were limited by the presence of
the splitter plate to those associated with plate boundary layer
and with small disturbences from the plate leading edge, which was
swept back at an angle of 40°. The angle of attack was varied in
the plane of the splitter plste. Bleed sir was ducted into the
model through the hollow strut and then was turned and passed
through a screen before discharge from a convergent nozzle of exit
diameter equal to one-half the maximum body diemeter.

The assembled body of revolution had s fineness ratio of 12.
The first helf of the body was contoured according to equation (14)
of reference 1, whereas the remainder was cylindricsel except ss
modified by the presence of the conieal boattalls. Particular
boattall geometries included in the investigation, along with the
base-pressure instrumentetion, are shown in figures 1(b) and 1(c).
These models also included pressure instrumentation shead of the
base, which ensbled the disturbance of the splitter plate to be
qualitetively assayed. A plitot tube reske was provided at the nozzle
entrance to determine the Jet total pressure. Because earlier
experiments had esteblished a uniform flow a%.the nozzle entrance,
a single tube of this rake was connected for the base-bleed
investigation to a dibutylphthalete manometer board referenced to
vacuum. This menometer was used for sll pressure meagurements.
A1l static orifice diameters were 0.015 inch.

With the pressure models, the procedure consisted in merely
recording the pressure distribution over the entire boattsil with
Jet flow ranging from zero up to that corresponding to a jet pres-
sure ratio of as much as 15. Only the data fram the low range of Jet -
Pressure ratios are presented herein. Because only one quadrant
of the base was instrumented, it was necessary to vary the angle of
attack in both the positive and negative directions to get a
representative base-pressure coverage at. the angles of attack of
3° and 6°. In the case of the cylindrical-base model, a fairly
complete survey was made of the variation of base pressure with Jjet
pressure ratio, whereas for the boattailed bodies the general pro-
cedure was to determine the base pressure with no base bleed, the
meximum base pressure, and the minimim base pressure with an
occasional extra point to ald in fairing the dats. Tunnel static
pressure in the region of the boattell was determined by a cali-
bration relating it to two side-wall static pressures. The dew
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point was meintained within the range of -10° to 3° F. Pressure
ratio was both lncreesed and decreased to establish the absence
of hysteresis in the variatioms.

Force model. - A sketch of the force model, support system,
and various model modifications is showm in figure 3. The basic
configuretion consisted of a hollow 20° cone-cylinder of fineness
ratio equal to 8.8. From practical considerations, the nose was
blunted to a 1/16-inch-dismeter flat. The model was supported
from the top of the tunnel by a shielded strut mounting strain
gages 1ln a moment-measuring circuit that was statically calibrated.
Use of this system for drag determination essumed no pitching =
moment of the model sbout the support point. The fact that this
assumptlon was obviocusly untrue becsuse of the presence of the strut
shield is referred to later in -the section "Discussion of Results."

Three types of bleed-air intake were investigated at an angle
of attack of O. Type A consisted of drilléd holes of progressively
larger diameter in the nose of the model. Type B consisted of
drilled l/lG—inch—diameter holes of progresgively larger numbers
starting from l/4-inch downstream of the Juncture of the cone and
the cylinder. Holes were not located where the support shield
covered region B. A typical type-B configuration is shown mounted
in the tunnel in figure 4. Type C consisted of drilled 1/16-inch-
diameter holes of progressively larger numbers starting from 1/2 inch
upstream of the base. With each intake system was utilized a seriles
of base configurations, D of figure 3, which varied the exit area
&y, and area distribution in a systematic manner. In aeddition to
the preceding configurations, two special models were investigated
that consisted of the basic model with a hollow tube attached to
the base by a perforated anmilar plate (E of fig. 3). A tube of

1 1 7
E-inch diemeter, 25-inches long and a tube of §-inch diameter,

3 inches long were utilized. Force measurements were made with the
tubes wide open and tapped.

Tunnel static pressure in the region of the model was deter-
mined from a calibration relating it to the upstream bellmouth
totel pressure, whlch was measured with four pitot tubes. Tunnel
dew point was malintained in the same range as for the pressure-model
tests. ' '
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DISCUSSION OF RESULTS

The drag-reducing effectiveness of base bleed as obtained with
the pressure models and as obtained with the force models are con~
sidered separstely in the following discussilon.

Pressure studies. = The results of the investigation of the
varigtion of base pressure with base bleed are presented in figures S
and 6 where base-pressure coefficient Cp b is plotted against Jet

pressure rgtio P /bo for ezch of the body configurations at angles
of attack o« of 0°, 3°, and 6°. :

Cp,p = 710—

where p refers tq §tatic pressure, q@ refers to dynemic pressure,
end the subscripts O and b refer to free stream and base; respec-
tively. Jet pressure ratio Pj/po, where ZE"j is the totel pressure

of the bleed alr, is indicative of the bleed flow and ie used only
for convenience. The lowest recorded value of PJ/PO corresponds to
no base bleed. ) :

In the cese of the cylindricel base model (fig. 5), the variastion
of base-pressure coefficient with radial distence from the body exis
was small, hence an average value is plotted for esch vglue of
engular locgtion €, where 6 is measured from the windward surface
of the model. A mean curve has been falred through the deta points
for each angle of attack. From these curves it is seen that the base-
pressure coefficient increases rapldly with slight increases in Jet
pressure ratio (or bleed flow). The meximum increase in base-pressure
coefficient, spproximately 0.04, eppears to be independent of angle of
attack., For all engles of gbttack, the minimum base drag was obtalned
with gpproximately the same Jet pressure ratio of 0.86, which indicstes
that bleeding from free-stream statlic pressure or less should be

effective. Al so, because the base pressure decreased with increasing

angle of attack and the bleed total pressure for minimum base-pressure
drag remained the seme, the required amount of base bleed increased
slightly with angle of attack. Incressing the bleed flow beyond that
required for minimum base-pressure drag caused the base pressure to
decrease below its originsl velue, This reversal of variastion may be
gqualitatively explained in gt least two ways. Entrainment of air from

. the annular semidead alr reglon by the bleed air itself could cause a

lowering of the base pressure with increasing jet veloecities. In
addition, the displacement effect of the jel may act in s maenner
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analogous to a support sting and thus cause the base pressure to
approach the lower two-dimensional velue with increasing Jet pres-
sure ratio and resulting displacement (see reference 2). Either
explanation indicates thet the ratio of Jet-exit dliameter to base
diemeter may be expected to have an effect on the variation of base
pressure with Jjet pressure ratio.

The date obtained from the bodies with conical boattails with
helf-angle € of 5.63°, 7.03°, and 2.33° and with a base-to-body
diameter ratio of 0.704 are similarly presented in figure 6. For the
boattall configuretions, however, gll the recorded base pressures were
averaged for a single reeding at each setting. In general, the effect
of bleed was similar to that observed with the cylindrical-base model.
Certain differences can be noted, however. It was necessary to uti-
lize a higher value of jet pressure ratio (PJ/bO ~ 1) to bleed suffi-

client alr to reech the,minimum pressure~drag condition. This incresase
was probably a result of the higher initisl base préssures. For all
the boattails at o = 0°, the meximum increase in base-pressure coef-
ficient due to bleed was gpproximately 0.05, which was larger than

for the cylindricel-base model. In addition, this maximum increase

in base-pressure coefficient incressed with increasing angle of sttack,
reaching e velue of spproximstely 0.072 for the three boattailes at

o = 6%, The decreases in pressure drag due to bleed were approxi-
mately independent of boattail angle (fig. 6}, which may have resulted
in this case from the fact that base pressure with no bleed did not
very with boattail angle.

Some question remains as to the accuracy of the preceding
results when spplied to a complete body of revolutlon because of
support-system interference. Pressure disturbances resuliing from
misalinement of the splitter plate with the free stresm or from
plate boundary-layer growth might be expected to alter the pressure
distributions upstream of the base and hence the base pressure.
Although the date are not presented herein, the pressures upstream
of the base varied in accordance with exact potentiel-~flow theory at
an angle of atteck of O. The pressures were sltightly higher, however,
as might be expected from the presence of the boundary layer on the
body. No large veristion with circumferentisl station was noted.

For these reassons pressure disturbances from the plate leading edge
and boundary layer were felt to be small at an angle of attack of O.
Another form of interference resulis from the fact that the plate
boundery layer provides a possible source of air influx into the

base region, which mey affect the base pressure. Thisg possibility

is qualitatively borne out by the fact that for no bleed eir at an
angle of attack of O the cylindrical-base model registered s base-
pressure coefficient of -0.132, whereas other observers have recorded
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values from -0.15 to -0,16 (references 2 to 4). This discrepancy
indicates the possibility of some effect of support interference on
the variztion of base pressure with base bleed. Additional investi-
gation is required to ckheck this point. .

Force studies. - The basic model for the force tests was chosen
for ease of menufacture and does not represent g low-drag conflgu-
ration. For this resson, spprecisble improvements in base drag do
not represent large percentage improvements of the total drag in
this case.

With & closed base (no bleed flow), any modifications of the
type attempted herein to the basic body would probably result in a
chaenge in the drag coefficient. This change, however, 1s not neces-
sarlily considered significant in the present investigastion inasmuch
as no effort was made to control any such effect. OFf prime interest
herein is the change in drag coefficlent between the modifled case
with no bleed and wilth base bleed. In this regard it should be noted
that this change in drag coefficient due to base bleed is representa-
tive of more than the change in base pressure, vhich was considered
in the pressure studies. Any reduction in axigl velocity of the bleed
air from intake to exlt will constltute a momentum loss and will
gppear 8s g drag increase. This drag component should be small for
smell values of bleed mass flow, particularly when the bleed intake
is in g region of low-energy boundsry-lgyer air. In the case of air
intske through the nose, however, the lnternal dreg should be more
gserious. In addition to this effect, a local pressure drag i1s
probably estaeblished st each drilled side-lintake hole during bleed
by excess air that is deflected in the vieinity of each hole,
Effects of bleed-air inteke on the externel friction drag are
probegbly smell because schlieren photograsphs indicated turbulence
over most of the cylindrical portion of the body for 21l configu~-
retions with and without bleed.

The results obtgined with the force models are presented in
figures 7 to 9 where the body drasg coefficient Cp based on the

meximm cross-sectional area of the body A, is plotted ageinst

the eppropriste intake-area ratio for the three systems of air
intake utilizing various base configurations. Intake-area ratio
is defined as the ratio of side or nose-intake area, Ag oOr Any

respectively, to the maximum body cross-sectional area A;.

The configuration utilizing air inteke in the relatively low
pressure region just downstream of the cone (side-front intake) is
represented by the data of figure 7. In this figure, the variation
of dreg coefficient with intake-ares ratio is presented for four base
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configurgtions. Curves are faired through the "no-bleed" points corre-
sponding to a closed base end the poinfs obtained with the most effec-
tive base confilguration, which was the .configuration with the base
completely open, Ab/Am = 0,84. The maximum decrement in drag coeffi-

cient due to base bleed of gpproximately 0.0325 was obtained with the
largest inteke ares ettempted end was & net gain. The unusual varia-
tion of drag coefficient with inteke-area ratio for the no-bleed con-
dition is not fully understood but may be due to boundery-layer effects
on the friction and base drag comblined with the following limltation
of the drgg-messuring technique. Presence of the support strut mlght
be expected to introduce a pitching moment that would meke the gbso-
Aute magnitude of the drag forces obtained somewhat in error. If this
error remained constant, the resulis of the investigation can be con-
sidered relgtlively unaffected. In the case of the side~front intake,
however, locating the intske holes in the vieinity of the support
strut might have varied this pitching moment and hence the indicated
drag in an unpredictable manner.

In the case of the side-rear intake, data for all the bases
investigated ere presented (fig. 8). The maximumn decrement in dreg
coefficient due to base bleed was spproximgtely 0.03 and was mostly
e net gain when the intgke-asrea ratio As/Am weas approximately 0.35.
For lerger luteke-srea ratlios, the net gain wes less inasmuch as the
presence of the bleed holes gpprecisbly increased the drag for the
cese of no-bleed flow. In this case, the base with a hole of half
the body diemeter was slightly superior to the completely open base.
Despite this and some other exceptions, it was generally observed
in all the force tests that with a fixed bleed-air-intske geometry
the reduction in totsl draeg coefficient due to base bleed increased
with increasing open area in the base Ab

Where the bleed-gir intake is obtained through the nose (fig. 9),
the date sre somewhat more dAifficudlt to interpret. The drag coeffi-
cilent with no bleed was observed to vary in the manner expected,
increasing with increasing nose bluntness. When the base was opened
wide, however, the drag coefficient decreased to only spproximetely
0.01l3 below its originel value for low values of inteke-srea ratio.
For larger intske-~aree ratios, the net improvement in dreg coeffi-
cient became negiigible. The increase in forecone pressure drag
from the origingl condltion due to truncating the cone is theoreti-
cally negligible for these cases during bleed. Because externsi-
flow departure angles obtalned from schlieren photographs indicate
that the base drag did decrease in a manner comparsble with the
glde-intake models, particularly in the case of the larger inteke-
ares retios, it sppears that the sbsence of gppreclsble net gain
was primerily a résult of high internal dreag.

—m- usi r
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The results of the side-inteke tests are summarized in fig-
ure 10 vwhere the increment in drag coefficlent due to base bleed 1s
plotted against intake-area ratio for the cases of the most effec-
tive bases investigeted. Drag decresse due to base bleed is obtained
quite rgpidly snd then appears to gpproach a limit, as would be
expected. Utilization of side-front intske required more intake
holes to obtain full benefit of base bleed because this inteke reglon
was at a lower pressure. The increments in drag coefficient of -0.03
are less than the -0.04 velue predicted from the pressure investigation
as a probable result of the aforementioned dreg effects of handling the
bleed air.

The purpose of the limited investigation of the basic body
mounting hollow tubes supported by a perforated plate to the base
was to attempt to stimulete incressed reverse flow into the semidead
air region by reaching downstream into the high-pressure wske. In
order to evaluate the results, it was necessary to investigate the
configurations with the tubes capped to determine if drsg reduction
might result from the presence of the tube glone. The results are
summarized in the following teble:

Base=~tube Total drag coefficient, Cp
configurstion
Length| Inside |No tube|Tube capped|Tube open
(in.) |diemeter
(in.)
7
2% 16 0.402 0.388 0.385
3 % 402 394 .382

As shown in the table, there is a drag-reducing effect of the capped
tubes slone. When the tubes were opened so as to permit air eircu-
ilation the drag wes further markedly decreased only in the case of
the 3/4-inch inside-diameter configuration.

Typical schiieren photographs that illustrste the effect of
base bleed on the base pressure as indicsted by the externsl-flow
departure angle are presented in figure 11. The flow over a conical
boattail of half angle € = 5.63° is shown in figure 11(a). The
departure angle markedly decreased when the amount of base bleed wss
get at the optimum velue. The same effect of bleed is illustrated
for the cylindrical-base force models in figures 11(b) and 11(ec)
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where a decrease in strength of the trailing shock waves with base
bleed i1s also evident. All other models with bleed (including the
nose~intake models) indiested qualitatively similsr results. Esti-
mates of the effect of base bleed calculated from the externsl-flow
departure angles obtained from schlieren photographs correlate roughly
with the pressure and force deta.

CONCLUDING REMARKS

Bage bleed offers an effective means of reducing the drag of
biunt-base bodies in a supersonic stream. Promising applications
of this technique include blunt-base airfoils and bHlunt-base air-
cereft, misslle, and projectile bodies. Such regions as the ammular
base around a nozzle exit, which may experience very low pressures
because of Jet effect, should also be susceptible to drag reduction.
In addition, supersonic compressors utilizing blunt trailing-edge
blades offer a conceilvable application.

Although varlous guthors have hypothesized with some success
simplified flow fields that permit the prediction of base pressure
characteristics for e limited family of bodies of revolution in a
supersonic stream (references 2, 5, and 6), the detalled flow proc-
esses are quite complex aend remsin imperfectly understood. Congid-
eration of base bleed is an added complication. Additionel research,
both theoreticesl and experimentel, is required to further an under-
standing of the phenomena.

SUMMARY OF RESULTS

From & wind-tunnel investigation at a Masch number of 1.91 to
determine the effectiveness of base bleed in reduclng the drag of
blunt-base bodies, ‘the following results were obtained:

1, Bleeding the proper amount of alr into the base region of
bodies of revolution resulted in s substantial increase in the base
pressure. In the case of the cylindrical~base body, an increase in
base~pressure coefficient of approximately 0.04 was obtained at
angles of ettack of 0°, 3°, and 6°. In the case of the bodies with
conical boattalls of half-angle 5.63°%, 7.03° and 9.33° and with base-
to-body digmeter ratio of 0,704; an increase in base-pressure coef-
ficient of approximstely 0.05 was obtained st an angle of attack
of 0%, increasing to 0.07 et an sngle of attack of 6°.

2099
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dricel portion as a-means of air intgke.

2. Totel=-drag-coefficient reductions of approximately 0.03
were obtained from force tests of a body of revolution with
cylindrical afterbody utilizing simple drilled holes in the cylin-

Nose air intake yielded

1ittle net-drag decresse as a probeble result of internal dreg.

3. With s fixed bleed-air inteke geometry, the reduction in
total *drag coefficient due to base bleed generally incressed with
ineressing open area in the base.

Lewis Flight Propulsion Laboratory,

1.

2.

3¢ Kurzweg, He Ho:

6.

Nationael Advisory Committee for Aeronauties,
Cleveland, Ohio.
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= Photograph of force model in 18- by 18-inch  tunnel.
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Figure 6. - Varlation of base-pressure coefficient with jet pressure
ratio for boattall conflgurations of half-angles equal to 5.63°,

€
7.03°, and 9.33° at angles of attack a of 0°, 3°, and 6°. Base-to-
body diameter ratio, 0.704.
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Figure 7. - Variation of total drag coefficient wilth side-front-~
intake-area ratio for various base configurations.

.42

& o
b

Iy |
g | 14 -
o .40 18
3 S 2 < >
o RN < o e
? .38 \\\\\ o) 1
~ NaL
g — ——
= 36 i

"0 1 2 .3 4 .5 6

Slide-rear intake area , fg
Body cross-sectional area Ay

Flgure 8. - Varlation of tatal drag coefficient with side-rear-
intake-area ratio for varlous base confilgurations.
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Filgure 8. - Varilation of total drag coefficlent wlth nose-intake-
area ratlo for varlous base configurations.
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Filgure 10. - Variation of lncremental drag coeffilclent due to base
bleed with side-intake-area ratio for cases of front and rear
intake wlth best base conflguration.




NACA RM ES1A26 ~aRi GO TR e 23

No bleed ' Base bleed; By/pgs 1.08
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No bleed; base 1 Base bleed; base 7

(b) Force model-side rear intake; A, /A,, 0.31.

Base Dbleed; base 7

(c) Force model-side front inteke; Ag/An, 0.87,

Figure 1l. - Sohlieren phétographs of £low in base reglons of typical pressure and foroce
model configurations with and without base bleed at Mach mumber of 1,91,
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